Direct numerical simulation of turbulent channel flow over a compliant surface has been performed to evaluate the friction drag reduction effect. It is found that a slight drag reduction is observed over a compliant surface. This observation indicates that drag reduction is possible using a compliant surface that is deformed passively by wall pressure fluctuation. A small wall displacement and velocity are observed in the present study, however, a large-scale pressure field becomes dominant. The typical shape of displacement of the compliant surface is a wave, which is almost homogeneous in the spanwise direction.
Introduction
From the viewpoint of saving power and protecting the environment, it is highly desired to develop efficient turbulence control techniques for drag reduction and heat transfer augmentation. Organisms living in water have developed efficient turbulent control techniques through their unique evolutions. A typical example is the shark. The scales of a shark have grooves in the streamwise direction, and a riblet surface is made after the shark's scales as a drag reduction device. Walsh 1) performed a series of experiments on riblet surfaces, and found that a maximum drag reduction rate of 8% is obtained with a V-shaped riblet surface. Recently, the friction drag mechanism on a riblet surface was clarified by a detailed experiment with three-dimensional particle tracking velocimetry (3-D PTV)
2) and direct numerical simulation (DNS).
3)
A dolphin swims as fast as 40 knots per hour at the maximum. However, its muscle is not sufficiently strong for such fast swimming; 4) this is well known as "Gray's paradox". Therefore, it is expected that the flexible skin of a dolphin (compliant surface) plays a key role in controlling the surrounding fluid flow. Research studies of compliant surfaces were started by Kramer, 5) and it has been reported that a compliant surface causes transition delay and friction drag reduction.
Many experiments and numerical calculations using the OrrSommerfeld equation have been conducted to investigate the transition delay on compliant surfaces (e.g., Refs. 6-8). Carpenter and Garrad 9) modeled a compliant surface to an elastic plate which is supported by an array of springs, and found that the transitional Reynolds number increased. They suggested that there exists an optimal combination of the material properties of a compliant surface for the turbulent transition delay.
On the other hand, a friction drag reduction of more than 20% was reported by Kramer 5) and Chu and Blick. 10) However, the reliability of these results is open to question with respect to the accuracy of the measurement. No detailed data † e-mail address: tendo@postman.riken.go.jp has been obtained, because there are many difficulties in the conduct of experiments over compliant surfaces; i.e., the material properties are sensitive to changes in the environment of the experimental facility, and there are the difficulties in measuring the flow field over a moving boundary.
The objective of the present study is to obtain detailed data on the turbulent flow field over a deforming compliant surface with the aid of DNS. The effect of friction drag reduction using a compliant surface is evaluated, and the mechanism of the drag reduction is investigated. It is also desired to obtain the optimal material properties of a compliant surface for drag reduction.
Numerical calculations
The governing equations are the incompressive Navier-Stokes equations and the continuity equation. The wall deformation is described with a boundary-fitted coordinate system for a moving boundary. Periodic boundary conditions are employed in the streamwise (x-) and the spanwise (z-) directions, while the nonslip boundary condition is imposed on the top and bottom deformable walls.
A modified Crank-Nicolson-type fractional-step method 11) is used for the time advancement, while a second-order finite difference scheme is employed for the spatial discretization of both flow variables and metrics on a staggered mesh.
12)
The pressure Poisson equation is solved with the multigrid method.
13) The successive overrelaxation (SOR) method is adopted for the finer and coarser meshes.
The sizes of the computational volume are 2.5πδ in the streamwise direction and 0.75πδ in the spanwise direction (where δ is the channel half-width), which correspond to about 1180 and 360 viscous length units, respectively. The sizes are about 2.5 and 3.6 times larger than the so-called minimal flow unit. 14) Hereafter, all the parameters with a superscript + represent quantities nondimensionalized by the friction velocity u τ in the plane channel flow and the kinematic viscosity ν.
The numbers of grid points are 96, 97 and 96 in the x-, y-and z-directions, respectively. Uniform meshes are used in the xand z-directions with spacings x + = 12 and z + = 3.7. A nonuniform mesh with a hyperbolic tangent distribution is used in the y-direction. The first mesh point located away from the wall is given at y + = 0.25.
The computational time step is 0.33ν/u 2 τ . The simulation is performed under the constant flow rate condition throughout the present study. The Reynolds number based on the bulk mean velocity U b and the channel width 2δ is 4600 (about 150 based on u τ and δ for the plane turbulent channel flow). An instantaneous flow field of a fully developed turbulent channel flow was used as the initial condition.
Modeling of compliant surface
In the first stage of the present study, the material property of the compliant surface is assumed to be isotropic. Carpenter and Morris 15) found that the anisotropy of deformation of a compliant surface contributes to the stabilization of the traveling-wave flutter (TWF). However, a simple model of a compliant surface is used in the present study to investigate the influence of deformation of a compliant surface on the turbulent coherent structure. Each grid point on the compliant wall is assumed to move only in the y-direction, and the deformation of the compliant surface is modeled by a spring, mass, and damper system ( Fig. 1) , The wall deformation is determined as follows:
where m is the mass of a compliant surface for one calculation grid volume, and is determined as m ≡ ρ c · ∆x · ∆z · d (ρ c and d are the density and the thickness of a compliant surface, respectively). c and k are the damping parameter and the spring stiffness, respectively, p w denotes wall pressure fluctuation, and T x and T z are tensions employed in the streamwise and spanwise directions, respectively.
It is shown that many parameters are necessary to be determined in Eq. (1). The material properties of the compliant surface used in the present study are δ = 0.04 m, ν = 10 −6 m 2 /s, d = 28 mm and fluid density ρ f = 10 3 kg/m 3 , and are set to be constant. In the present study, the tensions employed in horizontal directions T x and T z are neglected for simplicity. The remaining parameters c and k are under in- vestigation. Note that the natural circular frequency ω 0 is related to Young's modulus Y of the compliant surface by the following equation:
Young's modulus of elastic rubber is of the order of 1 MPa, and that of human skin is 150 MPa. In the present study, Young's modulus (the spring stiffness) is determined to be relatively small, so that the deformation of the compliant surface is sufficiently large to investigate the influence of the deformation on turbulent coherent structures. Here, Y = 92.75 Pa (k = 0.011 kg/s 2 ) is adopted. Gad-el-Hak et al. 16 ) used a compliant surface that is a mixture of polyvinyl chloride resin (PVC) and dioctyl phthalate with Young's modulus of 5 ∼ 12500 Pa depending on the mixture rate. Therefore, the assumed material of the compliant surface used in the present study is not impractical. For the damping coefficient, Case1: c = 0, Case2: c = 4.0 × 10 −4 kg/s, and Case3: c = 1.6 × 10 −3 kg/s are tested.
Results and discussion
The time trace of the volume-averaged streamwise pressure gradient, which is normalized by that in the plane channel flow, is shown in Fig. 2 . Note that the form drag of the deformable wall is found to be negligible, therefore, the friction and total drags are employed synonymously in the present study. In Case 1, both the friction drag and turbulent kinetic energy increased from t + = 300, and the calculation diverged since the grid resolution becomes insufficient for analyzing the turbulence. On the other hand, in Cases 2 and 3, in which the appropriate damping coefficient is adopted, the friction drag decreased slightly compared to that of the plane channel flow. The mean rates of reduction of the friction drag in Cases 2 and 3 during the period of t + = 0 -1000 are 1.7% and 2.7%, respectively.
When the compliant surface is applied to the turbulence control device, the drag reduction rates obtained in Cases 2 and 3 are not practical when the production cost is taken into account. However, it is found that drag reduction is possible using the compliant surface that is deformed passively by the pressure fluctuation of the flow. Moreover, it is expected that a greater drag reduction rate is obtained by optimizing the material property of the compliant surface. to that in the plane channel flow. Therefore, it is expected that by optimizing the material parameters, a small deformation of the compliant surface can change turbulence coherent structures drastically. Figure 5 shows the profiles of the two-point correlation of velocity and pressure fluctuations in the x-direction for the plane channel flow and Case 3. Although there is small difference in the velocity field, the pressure field differs significantly. The two-point correlation of the pressure fluctuation in the spanwise direction is almost unity over the entire spanwise length of the calculation domain (not shown here). Therefore, it is expected that a large scale of the pressure field becomes dominant over a deformable compliant surface.
The two-dimensional (x-z) spectrum of the wall displacement y w and velocity v w in Case 3 are shown in Fig. 6 . The peak is observed at (κ x , κ z ) = (1, 0) for both y w and v w , which shows that the typical displacement and the velocity have scales of approximately 600 and 360 viscous lengths in the streamwise and spanwise directions, respectively. And, the strength of the wall displacement and the velocity with a wave number of more than (κ x , κ z ) = (5, 5) are small. Thus, the deformation of the compliant surface is relatively large. This fact is expected to be closely related with the large-scale pressure fluctuation at y + = 15 as shown in Fig. 5 . However, it is yet unclear why the large-scale pressure fluctuation becomes dominant over the compliant surface; this is a subject of our future study. Figure 7 shows the top views of instantaneous flow fields of the plane channel flow. The flow direction is from left to right. The red and blue contours are the high-and low-speed streaks, respectively, while the white contour shows the vortical structure (II + = −0.03, II is the second invariant of the deformation tensor). 17, 18) Vortical structures are mostly observed at the downstream edge of the meandering low-speed streaks. 19, 20) It is observed that regeneration of the vortical structure occurs continuously by activating the meandering streaks with its rotation. Figure 8 shows the top view of the instantaneous flow field of Case 3. The wall shading describes the wall displacement y w . Since a marked drag reduction is not obtained in the present calculation, there is small qualitative difference in vortical and streaky structures. However, the contours of the high-and low-speed streaks are found to be slightly small. This finding corresponds to the slight decrease in the twopoint correlation of the streamwise velocity fluctuation in the streamwise direction at y + = 15 shown in Fig. 5 . The typical shape of wall deformation is a wave whose deformation is homogeneous in the spanwise direction. This shape is qualitatively the same as that visualized in the experiments of Hansen et al. 21) and Gad-el-Hak et al. Figure 9 shows an instantaneous pressure field and the wall velocity in Case 3. The flow is from the front of the figure to the back. Light blue and yellow contours show the lowand high-pressure fluctuations of p + = ±2.5, respectively.
16)
The wall color indicates the wall velocity in the y-direction, i.e., red is a positive wall velocity, and blue is a negative wall velocity. It is observed that the wall velocity is positive near the low-pressure region on the wall, and vice versa. Therefore, it is expected that the wall velocity is in phase with the wall pressure in the present calculation. Figure 10 shows contours of the conditionally averaged streamwise vorticity < ω + x > at y + = 15 near the low-pressure region. The detection point is at the center of the figure. The wall-normal velocity components above the high-and low-pressure regions on the wall are negative and positive, respectively, indicating that sweep (Q4) and ejection (Q2) events occur, respectively.
When there is no phase difference between the wall velocity and the wall pressure fluctuation, the compliant wall may have a positive wall-normal velocity near the low-pressure region where the ejection event occurs, as schematically shown in Fig. 11 . A negative wall-normal velocity occurs near the sweep event. It is expected that the wall velocity would strengthen the rotation of vortices accompanied by the ejection and sweep events, and contributes to the increase in the Reynolds shear stress.
Jeong et al. 19) proposed a schematic model of the regeneration cycle of quasi-streamwise vortices near the wall as shown in Fig. 12 . A child quasi-streamwise vortex is continuously regenerated upstream of the parent vortex. The streamwise vorticity of the child vortex has a sign opposite that of its parent vortex. Therefore, when the wall movement that strengthens the rotation of the parent vortex occurs beneath the child vortex, it should encounter the rotation of the child vortex. It is expected that the compliant surface suppresses the regeneration cycle of the quasi-streamwise vortex, and as a result, drag reduction is possible using a compliant surface 19) whose material properties are optimized so that a phase delay occurs between the wall velocity and the wall pressure.
Conclusions
DNS of turbulent channel flow over compliant walls, which are deformed passively by the wall pressure fluctuation, was performed to evaluate the friction drag reduction effect. In the present study, the compliant surface is modeled by a spring, mass and damper system, for simplicity.
The typical shape of the deformation is a wave whose period in the streamwise direction is approximately 1200 viscous length units. Approximately 2-3% drag reduction is observed in the present study.
Although there are small effects on the velocity field, the pressure field is drastically affected. Therefore, it is expected that a compliant wall that has an impact on the velocity field is possible, when the material properties of the compliant surface are optimized.
Based on the conditionally averaged flow field, the ejection and sweep events occur upstream of the high-and lowpressure regions on the wall, respectively. Therefore, it is supposed that a phase delay in the spring, mass, and damper system is necessary to suppress the rotation of the quasistreamwise vortical structure accompanied by ejection and sweep events.
